Anti-microbial peptides are essential for the intestinal innate immunity that protects the intestinal epithelia from attacks by foreign pathogens. Human β-defensin (HBD) is one of the pivotal anti-microbial peptides that are expressed in the colonic epithelia. This study investigated the effect and the signaling mechanism of inducible β-defensin HBD2 by an essential amino acid, isoleucine (Ile) in colonic epithelial cells. Here we examined the expression level of HBD2 on induction of Ile in epithelial cells, and checked this pathway. HBD2 mRNA was induced by co-incubation with IL-1α and Ile in Caco2 cells, but not by Ile alone. An inhibitor of either ERK or Gi, a subunit of G-proteins, reduced the induction of HBD2 mRNA by Ile. The treatment with Ile also increased the intracellular calcium ion concentration, thus suggesting that the GPCR and ERK signaling pathway mediate the effects of Ile. These results indicate that an essential amino acid, Ile, enhances the expression of an inducible β-defensin, namely HBD2, by IL-1α through the activation of GPCRs and ERK signaling pathway. The administration of Ile may therefore represent a possible option to safely treat intestinal inflammation.
Introduction
The innate immunity system plays a significant role in inactivating pathogenic microbes which invade the host, particularly in the intestinal tract and skin, in which anti-microbial peptides are thought to be essential from attacks by bacteria, fungi and viruses [1] . Among the known anti-microbial peptides, both α and β defensins, which belong to the defensin family, have been shown to play pivotal roles through their powerful anti-microbial activity [2] . We previously reported that α-defensin was derived from small intestinal Paneth cells, which exhibit an anti-bacteriacidal function for pathogens such as Salmonella typhi [3] . The alterations in α-defensin have since been considered to be associated with the etiology of various intestinal disorders such as cystic fibrosis [4] and Crohn's disease (CD) [5] . Conversely, β-defensin (HBD) is produced by the epithelial cells particularly in the bronchus and colon, which includes 6 isotypes, HBD1 -6 [6] [7] [8] [9] [10] . While HBD1 is constitutively expressed, HBD2 and 3 are inducible defensins. These HBDs are known to show an altered expression under inflammatory conditions due to attacks by bacteria-derived polysaccharides or other intestinal inflammations [11] [12] [13] [14] . However, the precise mechanisms regarding how the inducible HBDs are associated with such inflammation remains to be elucidated. Inflammatory bowel disease (IBD) is a chronic inflammation in the digestive tract, which includes ulcerative colitis and Crohn's disease. Although the etiology of IBD remains unclear, some molecules that are involved in the innate immune system, such as nucleotide-binding oligomerization domain (NOD)2 [15] , α and β defensins [5, 14] , were altered in patients with IBD, particularly those with CD. This suggests that the normalization of the function of such molecules, including β defensin, may present a feasible option to treat CD. The possibility that Ile enhanced the transcription of HBD2 mRNA has been demonstrated by a reporter assay using the promoter region of HBD2 [16] , thus suggesting that one safe candidate to induce the expression of β defensin is an essential amino acid, isoleucine (Ile). We herein propose that Ile induced HBD2 expression through the activation of the extracellular signal-regulated kinase (ERK) signaling pathway in intestinal epithelial cells only when a pro-inflammatory cytokine IL-1α was also present. Furthermore, we show that such induction is mediated by the stimulation of G-protein coupled receptors (GPCRs) which are widely expressed in the digestive tract and act as a receptor for many chemical mediators and some amino acids.
Materials and Methods

Cell Culture
Human colonic epithelial Caco2 cells purchased from the ATCC (American Type Culture Collection, Manassas, VA) were grown in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 20% (vol/ vol) fetal bovine serum (FBS), 2 mM L-glutamine, 25 U/mL penicillin, 25 μg/mL streptomycin (all from Invitrogen/GIBCO, Grand Island, NY) and MEM non-essential amino acid solution (SIGMA, Hertfordshire, UK) in a humidified atmosphere of 5% CO 2 . The cells were plated on 6 well plates or 35 mm dishes and then were allowed to differentiate for 10 -14 days before the experiments were performed.
Real-Time PCR
After the Caco2 cells were grown in serum-free media for 24 hours, various concentrations of Ile (0, 5, 10, 20, 50, 100, 200 and 500 ng/ml) and/or IL-1α (0, 1, 5, 10, 20, 50 ng/ml) were added to the cells in 6 well plates. For the analysis of their inhibitory effects, an ERK pathway inhibitor (PD98059; Cell signaling, Boston, USA) or a GPCRs inhibitor (Pertussis toxin (PTX); SIGMA) was added 2 hours or 16 hours, respectively, before the harvest of the cells. RNA was harvested from the Caco2 cells using Ultrespec TM (BIOTECX, Houston, TX, USA) and then was reverse-transcribed using the Oligo (dT) 20 primer (Invitrogen, Carlsbad, CA, USA) and Superscript II RT (Invitrogen). The HBD2 mRNA was amplified on a Light Cycler system (Roche) using specific primers (sense, 5-ggtataggcgatcctgttacctgc-3), antisense, 5-tcatggctttttgcagcattttgttc-3) in triplicate. The averaged mRNA expression of HBD2 was normalized to GAPDH expression (LightCycler-primer set Human GAPDH (search LC, Heidelberg, Germany)).
Quantification of HBD2 Protein
The cells were washed 3 times with PBS and treated with Cell Lysis Buffer (Cell Signaling) with a Protease Inhibitor Cocktail Kit (PIERCE, Rockford, USA). Each lysate was centrifuged and the HBD2 protein in the supernatant was measured by a Human BD-2 ELISA Development Kit (PeproTech, Hamburg, Germany).
Western Blotting
After the incubation of Caco2 cells with inducers such as Ile for various times, the cells were treated with Cell Lysis Buffer (Cell Signaling) with a Protease Inhibitor Cocktail Kit (PIERCE, Rockford, USA) as described above. Forty μg of each sample was resolved by NuPAGE Bis-Tris polyacrylamid gel (12%) (Invitrogen) and immediately transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore) using 1X transfer buffer (25 mM Tris pH 8.8, 192 mM glycine with 15% [vol/vol] methanol). The PVDF membranes were incubated in PBS with 0.05% (vol/vol) Tween 20 (T-PBS) containing 5% (wt/ vol) milk for 1 hour at room temperature to block nonspecific binding. The blots were incubated overnight at 4˚C with an anti-rabbit p44/p42 phospho-or total-ERK antibody (Cell Signaling) as the primary antibody. The blots were washed five times for 10 minutes each in T-PBS at room temperature, incubated for 60 minutes in HRP-conjugated rabbit anti-mouse IgG (Jackson Immunoresearch, West Grove, PA) in T-PBS, washed four times in TPBS, once in PBS, and developed using Western Lightning Chemiluminescence Reagent Plus (PerkinElmer, Massachusetts, USA).
Determination of the Intracellular Calcium Ion Concentration
Caco2 cells were incubated with 5 μM Fluo4 AM (Invitrogen) for 40 minutes, and then the cell images were obtained with a confocal laser capture microscope. The images were analyzed with an image-analytical software program (ZEN, 2007) to calculate the intensity of the fluorescence emitted from the cells.
mRNA expression (Figure 1) , and this induction occurred in a concentration-dependent manner (Figure 2(a) ).
The maximum induction of HBD2 mRNA was observed at 10 hours after the treatment (Figure 2(b) ). Subsequently, the effect of a co-incubation with IL-1α and Ile on the expression of HBD mRNA was investigated. As shown in Figure 3 , Ile significantly enhanced the IL-1α-induced expression of HBD2 mRNA, in a concentration-dependent manner. Ten mg/ml of Ile was the best concentration for augmenting the induction of HBD2 mRNA. After treating cells using the same condition for 72 hours, the HBD2 protein was also increased in comparison to that in cells treated with IL-1α alone (Figure 4) .
The ERK Signaling Pathway Mediates the Induction of HBD2 mRNA by Co-Incubation of Caco2 Cells with IL-1α and Ile
Because it has been proposed that the activation of the 
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ERK signaling pathway mediated the increase in the expression of HBD2 [17] , the phosphorylation of p44/42 ERK by IL-1α or Ile was examined by a Western blot analysis. IL-1α phosphorylated p44/42 beginning from 10 to 15 minutes after the start of treatment, and the effect was reversed within 30 minutes. In contrast, Ile phosphorylated p44/42 just 30 seconds after the initiation of treatment, and the effect was reversed within 10 minutes. Notably, a combination of IL-1α and Ile extended the interval of the phosphorylation of p44/42 from 5 to 30 minutes, suggesting an additive effect of the combination ( Figure 5) . To confirm the involvement of the ERK signaling pathway in the induction of HBD2 mRNA expression, an ERK inhibitor (PD98059) was added to Caco2 cells for 2 hours. The PD98059 treatment reduced the induction of HBD2 mRNA by the combination of IL-1α and Ile (Figure 6 ), indicating the significant involvement of the ERK signaling pathway in this induction.
GPCR Mediates the Effects of Ile on the Enhancement of IL-1α Induced-HBD2 mRNA Expression
While most amino acids are absorbed by specific transporters expressed at the cell membrane, some of them are known to act as ligands for GPCRs. For example, glutamic acid is absorbed into the epithelia, and is also bound to a taste receptor which is one of the GPCRs. Many types of GPCRs, such as taste receptor and GPR35, are expressed in the intestinal epithelia [18] [19] [20] . In addi- tion, the functions of some GPCRs are associated with the expression of anti-microbial peptides in neutrophils and gingival cells [21, 22] . Furthermore, an α subunit of the GPCRs, Gi, is known to be involved in the activation of the ERK signaling pathway [23] [24] [25] [26] [27] [28] [29] , suggesting a possibility that GPCRs are involved in the induction of HBD2 mRNA by Ile in the intestinal epithelia. To examine the influence of the GPCRs on the induction of HBD2 mRNA, Caco2 cells were incubated with an inhibitor of GPCRs, Pertussis toxin, for 16 hours before the treatment with IL-1α and Ile. As shown in Figure 7 , Pertussis toxin reduced the induction of HBD2 mRNA by the combination of IL-1α and Ile in a concentration-dependent manner. Furthermore, Ile treatment increased the intracellular calcium ion concentration, which is a characteristic phenomenon that occurs after the binding between GPCRs and their ligands (Figure 8) . These data strongly suggest that GPCRs are associated with the induction of HBD2 mRNA by the combination of IL-1α and Ile.
Discussion
The present study demonstrated that an essential amino acid, Ile, augmented the expression of HBD2 induced by IL-1α through the activation of the ERK signaling pathway, while Ile alone did not change the HBD2 expression. Furthermore, this Ile effect was reduced by an inhibitor of GPCRs, Pertussis toxin, illustrating that GPCRs were also involved in the induction of HBD2 by the combination of IL-1α and Ile. While it has been suggested that Ile induces the transcription of the promoter of the HBD2 gene [16] , the current study is the first to confirm the effect of an essential amino acid, Ile, on the induction of HBD2, as well as to demonstrate the mechanism underlying this induction. It is worth noting that HBD2 could be induced by Ile only when IL-1α a well-known pro-inflammatory cytokine, was also present. This suggests that Ile contributes to the induction of HBD2 only when the immune system is activated, such as occurs when the cells are under attack by foreign pathogens.
IL-1α activates the ERK signaling pathway, which is known to be important for HBD2 expression [17] . The present study confirmed the effect of IL-1α on the activation of the ERK signaling pathway, and in addition, we found that Ile treatment extended the interval of the activation of the ERK signaling pathway. Some amino acids, such as arginine, have been reported to activate ERK signaling, thus suggesting that the signaling pathway might be associated with the physiological function of amino acids [30] . Conversely, inhibitors of either p38 or JNK exerted no influence on the induction of HBD2 by Ile (data not shown), whereas an inhibitor of the ERK signaling pathway reduced the induction of HBD2. Accordingly, Ile enhanced the induction of HBD2 by IL-1α by extending the activation interval of the ERK pathway.
Our data are the first to show that the induction of HDB2 by Ile was mediated by GPCRs, which are seventransmembrane domain receptors known to bind many ligands, such as chemical mediators and amino acids. GPCRs comprise a large protein family of transmembrane receptors that sense molecules outside the cell [31] . Once a ligand binds to a GPCR, the structure of the GPCR is changed, and a trimer-forming G protein is activated, leading to changes in the concentration of second messengers such as calcium ions and cAMP, and the subsequent activation of internal signal transduction pathways. A type of α subunit in the trimer of G proteins, the Gi subunit, is known to increase the intracellular concentration of the calcium ion through the activation of the βγ subunit, and to stimulate the MAPK signaling pathway [32, 33] . The present study proposed that HBD2 binds to GPCRs, activates the ERK signaling pathway through the activation of the Gi and βγ subunits of the G-protein, and then induces HBD2 when cells are treated with both Ile and IL-1α. This is supported by the reduction of the effect of Ile on the induction of HBD2 when cells were treated with an inhibitor of the Gi subunit, Pertussis toxin. mGluR, GPR35 and the extracellular Ca the intracellular calcium ion concentration and activate the ERK signaling pathway, might therefore be candidates for sensing Ile [17] [18] [19] 34] . Further analysis with knockout models for such GPCRs is needed to determine the specific GPCR responsible for the effects of Ile.
It has been proposed that the defensins expression decrease in patients with CD [5, 14] . Therefore, the induction of HBD2 by the administration of Ile is a possible option to treat CD. We also confirmed that oral intake of Ile caused changes in the microflora in CD patients, possibly through the induction of HBD2 expression (data not shown). It was also reported that dexamethasone, a major drug used for the treatment of CD, induced HBD2 in the presence of pro-inflammatory cytokines [35] , and use of the elementary diet, which mainly consists of amino acids, relieved the activity of CD [36] . Furthermore, Ile treatment is regarded to exert few adverse effects, because it is a frequently consumed essential amino acid, and influences HBD2 expression only under inflammatory conditions. The expression of HBD1 mRNA has been shown to increase in HCT-116 cells after Ile treatment [37] . Taken together, the administration of Ile is thought to represent a feasible treatment for effectively and safely relieving CD. In summary, the present study is the first to demonstrate that an essential amino acid, Ile, enhances the expression of an inducible β-defensin, HBD2, by IL-1α through the activation of GPCRs and the ERK signaling pathway. The administration of Ile is considered to affect HBD2 expression only under inflammatory conditions, thus suggesting that it would have few adverse effects in patients. The administration of Ile therefore represents a possible option to safely treat intestinal inflammation, including that due to CD.
